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ABSTRACT
We report a search for the diatomic hydrides SiH, PH, and FeH along the line of sight toward
the chemically rich circumstellar envelopes of IRC+10216 and VY Canis Majoris. These molecules
are thought to form in high temperature regions near the photospheres of these stars, and may then
further react via gas-phase and dust-grain interactions leading to more complex species, but have yet to
be constrained by observation. We used the GREAT spectrometer on SOFIA to search for rotational
emission lines of these molecules in four spectral windows ranging from 600 GHz to 1500 GHz. Though
none of the targeted species were detected in our search, we report their upper limit abundances in
each source and discuss how they influence the current understanding of hydride chemistry in dense
circumstellar media. We attribute the non-detections of these hydrides to their compact source sizes,
high barriers of formation, and proclivity to react with other molecules in the winds.
Keywords: Astrochemistry – circumstellar matter – line: identification – stars: AGB, RSG, individual
(IRC+10216, VY CMa)
1. INTRODUCTION
The circumstellar material of a star in its final stages
of evolution is well-known for its unique and complex
chemical inventory. These objects form around Asymp-
totic Giant Branch (AGB) and Red Supergiant (RSG)
stars when interior thermal pulses eject loosely bound
surface material in the form of stellar winds (Ziurys
2006). These steady winds form large-scale spherical
structures of gas and dust known as circumstellar en-
velopes (CSEs). Due to their large range of tempera-
tures and densities, as well as an increased abundance
of elements produced through nucleosynthesis, CSEs ex-
hibit incredibly diverse chemistry. Of the 204 unique
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molecules detected in space, more than 60 were first dis-
covered in these objects (McGuire 2018).
Because the physical conditions near the photospheres
of these stars are favorable for the formation of sili-
cate and carbonaceous condensates, AGB and RSG stars
are well-known for their efficient production of dust
grains. Gehrz (1989) showed that more than 90% of
interstellar dust in the galaxy is produced in the en-
velopes of evolved stars. After they form, dust grains
can be studied in great detail through infrared and X-
ray spectroscopy, as well as direct analysis of interplan-
etary material. Through these methods, it has been
shown that grains are composed of both crystalline and
amorphous magnesium-rich silicates (e.g. olivine, py-
roxene, etc.) as well as carbonaceous structures like
graphite and amorphous silicon carbide (SiC) and ti-
tanium carbide (TiC) clusters. (Campins & Ryan 1989
2Rogantini et al. 2019; Waters et al. 1998; Amari et al.
1990; Bernatowicz et al. 1991).
Though the evolution and interactions of micron-sized
dust grains are largely understood in the ISM, the
gas-phase chemical pathways leading to their formation
are not well-constrained by the present body of obser-
vational work. Thus, characterizing the reservoir of
molecules in the dust production zones of evolved stellar
envelopes (5–20 stellar radii) is crucial to understanding
the structure of interstellar grains (Ziurys 2006).
One class of molecules that is expected to form in these
hot, dense environments are diatomic hydrides (XH).
These species have been intensely studied since the dis-
covery of CH - the first detected interstellar molecule -
in 1937 (Swings & Rosenfeld 1937). Since then, discov-
eries of OH, HCl, NH, HF, SH, and (tentatively) SiH
in the interstellar medium have added to our under-
standing of hydrides in space (Adams 1941; Blake et al.
1985; Meyer & Roth 1991; Neufeld et al. 1997, 2012).
Thermochemical equilibrium models predict a wide va-
riety of these hydride species abundant in the inner
winds of evolved stars (Agu´ndez et al. 2020). How-
ever, only three (OH, HCl, and HF) have been de-
tected in these environments to date (Agu´ndez et al.
2011; Cernicharo et al. 2010). Thus, searching for other
monohydrides in CSEs presents a useful opportunity to
better understand the inner regions of these important
astronomical sources.
Previous theoretical and observational studies of these
objects suggest that the ideal candidates for such a
search include silicon monohydride (SiH), phosphinidene
(PH), and iron hydride (FeH). All these species are pre-
dicted to form in the hot inner regions of CSEs through
gas-phase reactions of atomic Si, P, and Fe with neutral
hydrogen (Agu´ndez et al. 2020; Cherchneff 2012), and
therefore could exist further out in the envelope as well.
Furthermore, Carroll & McCormack (1972) simultane-
ously reported both the laboratory and solar identifica-
tion of FeH through observation of its spectrum in the
region between 2360 – 8900 A˚. This detection was later
confirmed by Carroll et al. (1976). Around the same
time, the Wing-Ford band at 9900 A˚ was also identified
as arising from FeH (Wing & Ford 1969; Nordh et al.
1977; Wing et al. 1977; Mould & Wyckoff 1978b). It is
now known that FeH can form in the atmospheres of
stars of spectral types M, S, and K (Mould & Wyckoff
1978a), but despite this, it has not yet been detected in
the molecular winds of evolved stars.
Though neither SiH nor PH has been detected in
such a CSE to date, their heavier counterparts, silane
(SiH4) and phosphine (PH3), have both been observed
in CSEs, and most proposed formation mechanisms for
these molecules involve SiH and PH as an intermediate
step (Monnier et al. 2000; Agu´ndez et al. 2014). There-
fore, constraining the abundances of the molecules tar-
geted in this work could not only provide a more com-
plete understanding of the dust formation zones in these
objects, but it could also shed light on the chemical pro-
cesses that lead to the formation of more complex hy-
drides in CSEs.
Because these are very light molecules, most of their
rotational transitions fall in the THz to far-infrared re-
gions of the electromagnetic spectrum. This makes them
ideal targets for the German Receiver for Astronomy
at Terahertz Frequencies (GREAT) aboard the Strato-
spheric Observatory for Infrared Astronomy (SOFIA),
which operates from 0.5–4.8 THz at an altitude of 12 km,
largely eliminating atmospheric absorption due to water
vapor. We used this instrument to conduct a search for
SiH, PH, and FeH toward two well-studied CSEs.
We observed the carbon star IRC+10216 to search
for these hydrides in a circumstellar environment dom-
inated by carbon chemistry. This source has been
the subject of numerous single-dish and interferomet-
ric spectral line surveys (Avery et al. 1992; Zhang et al.
2017; Cernicharo et al. 2013), revealing a rich gas-phase
chemical inventory. Currently, the only diatomic hy-
drides observed toward IRC+10216 are the halide bear-
ing molecules HCl and HF Agu´ndez et al. (2011).
To represent an oxygen-rich envelope, we observed
the RSG VY Canis Majoris (VY CMa). In contrast
to IRC+10216, whose initial stellar mass is 3 − 5 M⊙
(Matthews et al. 2015), VY CMa has a mass of 17 M⊙,
and is ejecting material at a higher rate of about 6×10−4
M⊙ yr
−1 (Shenoy et al. 2016). Due to this dramatic
mass loss, the envelope of VY CMa is highly asymmet-
ric, consisting of various dusty knots and outflows with
non-uniform velocity structure (Smith et al. 2001). Be-
cause most of the carbon in this envelope resides in CO,
VY CMa does not show the same diversity of C-bearing
species seen in carbon-rich sources like IRC+10216. It
instead exhibits oxygen-driven chemical structure most
notably marked by various metal and non-metal ox-
ides, as well as strong OH maser emission (Ziurys et al.
2007a, 2018).
In this paper, we report our search for SiH, PH, and
FeH toward these evolved stars. In Section 2, we sum-
marize our observational strategies and specifications.
In Section 3, we state our findings and numerically con-
strain the abundances of these molecules by adopting
excitation temperatures and source sizes characteristic
of molecules formed in the inner regions of CSEs. Fi-
nally, in Section 4 we discuss how our results relate to the
current theoretical framework for chemical processes in
3these circumstellar environments, and outline prospects
for future related works.
2. OBSERVATIONS
Observations of IRC+10216 and VY Canis Majoris
were taken with the SOFIA telescope using the GREAT
receiver in its 4GREAT configuration, which simultane-
ously collects spectra from four co-aligned pixels oper-
ating between 490–635 GHz, 890–1100 GHz, 1200–1500
GHz, and 2490–2590 GHz, respectively. The spectral
windows relevant for this work are shown in Table 1. PH
was only targeted during observations of IRC+10216,
whereas the SiH and FeH windows were utilized for both
sources.
Observations were taken on 14 and 20 December,
2018. The pointing positions for the observations of
IRC+10216 and VY CMa were αJ2000 = 9h47m57.406s,
δJ2000 = +13
◦16′43.56′′ and αJ2000 = 7h22m58.329s,
δJ2000 = −25
◦46′03.24′′ respectively. We used the sin-
gle point chopping method for background subtraction,
in which the pointing is symmetrically switched be-
tween the ON (centered source) and OFF (90” offset
in RA) positions at a rate of 2.5 Hz. Spectra were ad-
justed to systemic velocities of vlsr = −26.0 km s
−1 and
vlsr = 19.5 km s
−1 for IRC+10216 and VY CMa, respec-
tively (Gong et al. 2015; Sahai & Wannier 1992). The
SOFIA GREAT instrument is a heterodyne receiver that
gathers data as a dual-sideband spectrum. Therefore,
every frequency in the rest band has a corresponding
image frequency that can contaminate observed spec-
tral features. While this type of blending does affect
some of the molecular emission seen in our spectra, we
selected IFs for each spectral window that ensured no
bright lines of known molecules in the image band would
overlap with the targeted transitions.
Using the setup described above, we searched for the
J = 3/2− 1/2 and J = 5/2− 3/2 transitions of SiH, the
J = 4−3 (N = 3−2) transition of PH. Table 2 includes
the spectroscopic parameters for these transitions. The
two J transitions of SiH are split into triplets which
we would not expect to resolve given the known expan-
sion velocities of IRC+10216 and VY CMa. The tran-
sitions of PH also exhibit hyperfine splitting, and there
are ∼10 distinct emission features from this molecule
centered at 1,507,640 MHz. Both molecules have small
dipole moments, 0.087 and 0.396 Debye for SiH and PH,
respectively (Mu¨ller et al. 2005), making detection dif-
ficult even with high sensitivity. The dipole moment of
PH is based on an unpublished ab initio calculation by
H. S. P. Mu¨ller.1
1 cdms.astro.uni-koeln.de
Although the rotational spectrum of FeH is challeng-
ing both to observe and to assign in the laboratory, a
number of lines have been measured and reported by
Brown et al. (2006). The Ω = 5/2; J = 5/2 → 7/2
transition of FeH of the X4∆ state was selected be-
cause it is the most readily observable transition of the
molecule with a frequency and intensity observable by
the SOFIA telescope. This transition is split into a pair
of Λ-doubled lines at 1316.8387 GHz and 1324.7719 GHz
that are predicted to be of similar intensities. While ob-
serving with the SOFIA telescope, we decided to focus
only on the higher frequency feature so that integration
time at that frequency would be maximized.
Spectral data were reduced using the CLASS program
as part of the GILDAS software package.2 Reduction con-
sisted of removing a first-order baseline, calibrating to
main beam temperature scale, and smoothing spectra
to a resolution of 1.0 km s−1.
3. RESULTS & ANALYSIS
3.1. IRC+10216
In our search for these hydrides, we detected a total
of 26 transitions which we assign to 11 different species
toward IRC+10216. Figures 1 and 2 show the full cali-
brated and baseline-subtracted spectra for our 624 and
1048 GHz windows. At these frequencies, emission from
vibrationally excited HCN dominates most of the ob-
served bands and accounts for over a quarter of the ob-
served transitions. All other molecules have been previ-
ously observed in IRC+10216, with the notable excep-
tion of three unidentified features in our 1.04 THz spec-
tral window (labeled in Fig. 2). A list of detected tran-
sitions is shown in Table 2. Each spectral line that was
not severely affected by blending was fit with a Gaussian
profile in CLASS. Resulting profile widths and integrated
line temperatures are included in 2 along with their fit-
ting errors.
We compute column densities and abundances for the
observed rotational transitions following the formalism
of Hollis et al. (2004) for molecular emission described
by a single excitation temperature (Eq. 1). Tex is the
excitation temperature (K); Tbg is the background con-
tinuum temperature and assumed to be 2.7 K; k is Boltz-
mann’s constant (J K−1); h is Planck’s constant (J s);
Q is the rotational partition function at Tex; Eu is the
upper state energy of the transition (K);
∫
TdV is the
velocity-integrated line area (K · km s−1) which can be
expressed as the product of the peak antenna temper-
ature and the line full width at half maximum; Sijµ
2
2 http://www.iram.fr/IRAMFR/GILDAS/
4Table 1. Frequency bands observed with SOFIA GREAT
Targeted Molecule Rest Band (MHz) Image Band (MHz) Channel Width (km s−1) RMS Noise (mK)
SiH (3/2− 1/2) 622220 − 626220 634220 − 638220 1.051 30.0
SiH (5/2− 3/2) 1041620 − 1045620 1053620 − 1057620 1.051 80.1
FeH 1322373 − 1324996 1325190 − 1327825 0.995 32.0
PH 1505500 − 1508130 1508340 − 1510970 1.019 96.7
Note—RMS noise levels are measured from IRC+10216 observations. Integration time on VY CMa was about
half that for IRC+10216, so RMS noise is ∼1.4 times those listed here. PH was only targeted during observations
of IRC+10216.
Figure 1. Continuum subtracted SOFIA GREAT spectrum of IRC+10216 around targeted 624925 MHz transition of SiH.
Emission lines contributed from the rest frequency band are written near the lower x-axis, and those contributed from the image
band are written near the upper x-axis.
is the transition line strength (Debye2); B is the beam
filling factor; and ηB is the beam efficiency.
NT =
1
2
3k
8pi3
√
pi
ln 2
Qe
Eu
Tex
∫
TdV
BνSijµ2ηB
1
1− e
hν
kTex
−1
e
hν
kTbg
−1
(1)
For most molecules, including SiH and PH, spectro-
scopic constants Q and Sijµ
2 were obtained from the
CDMS and JPL3 molecular databases (Mu¨ller et al.
2005). The only exception to this was FeH, whose
partition function was calculated and published by
Barklem & Collet (2016). All partition functions were
3 https://spec.jpl.nasa.gov
5Figure 2. Continuum subtracted SOFIA GREAT spectrum of IRC+10216 around targeted 1043918 MHz transition of SiH.
Emission lines contributed from the rest frequency band are written near the lower x-axis, and those contributed from the image
band are written near the upper x-axis. Unidentified lines are labeled with their observed frequency in the rest band even
though they could be contributed from the image band. Corresponding image frequencies for each U line are shown in Table 2.
interpolated to our assumed rotational temperatures
using a quartic fit on the measured Q values.
Unfortunately, there is a lack of spectroscopic data
concerning the line strengths of FeH transitions in the
X4∆ state. Because of this, we approximate the Sij
value for this molecule as the 21-11 transition of a sym-
metric top (Gordy & Cook 1984), yielding a value of
∼0.67. The dipole moment was calculated to be 4.1
Debye using Gaussian 09 (Frisch et al. 2009) at the
CCSD(T)/aug-cc-pVQZ level of theory and basis set.
From this, we obtain a total Sijµ
2 value of 11.3 Debye2
(Tables 2,3). We note that while the above approxima-
tion may be a simplified treatment of this molecule, it is
still a sufficient choice given the intent of our search, and
the current body of spectroscopic data for FeH and sim-
ilar molecules. We are confident that this value yields
column densities and abundances of FeH to within an
order of magnitude.
To derive fractional abundances (relative to H2) for
species detected toward IRC+10216, we employ the for-
mula from Gong et al. (2015) that gives us the average
H2 column density over a radius R in a spherically ex-
panding wind with velocity Vexp, mass-loss rate M˙ , and
mean molecular weight µ:
NH2 =
M˙
piRVexpµmH
(2)
For IRC+10216, we take µ = 2.3 amu, Vexp =
14.5 km s−1, and M˙ = 2.0 × 10−5 M⊙yr
−1 from
Massalkhi et al. (2018).
For every molecule, we assume an emission size char-
acteristic of the inner envelope (denoted by the angular
radius θem), and use this to calculate the beam filling
factor and radius R to compare with the average H2
column density.
Using this method, we obtain abundances relative
to H2 for some well-characterized molecules in these
sources that show emission in our frequency bands. In
IRC+10216, for CS we calculate f = 5×10−7 (assuming
Trot = 175 K and θem = 1”); for H
35Cl: f = 1 × 10−7
(Trot = 150 K and θem = 2”); for SiC2: f = 2 × 10
−7
(Trot = 150 K and θem = 2”). These results are
in agreement with previous studies of IRC+10216 to
6(a) SiH J = 3/2− 1/2 (b) SiH J = 5/2 − 3/2
(c) FeH Ω = 5/2, J = 5/2− 7/2 (d) PH N = 3− 2,J = 4− 3
Figure 3. SOFIA GREAT spectra of IRC+10216 showing targeted emission lines of SiH J = 3/2 − 1/2 (top left), SiH
J = 5/2− 3/2 (top right), FeH Ω = 5/2, J = 5/2− 7/2 (bottom left), and PH J = 4− 3 (bottom right).
within a factor of ∼2–3 (Massalkhi et al. 2018, 2019;
Agu´ndez et al. 2011). Thus, we are confident that this
treatment may be used to obtain accurate constraints
on the hydrides targeted in this work.
Neither SiH, PH, nor FeH were detected in the C-rich
envelope of IRC+10216 (see Fig. 3). Upper limits on
the integrated line fluxes, obtained assuming a width of
14.5 km s−1and a peak antenna temperature equal to
the 1σ rms noise level of the observations, are shown in
Table 2.
The J = 4− 3 transition of PH has a similar Einstein
Aij coefficient to the 1− 0 transition of HCl. Assuming
these molecules have similar collisional excitation rates,
we expect PH to thermalize at a similar critical density
to HCl given by Agu´ndez et al. (2011) (∼107 cm−3). In
IRC+10216, gas densities are below this beyond radii
of 1.3 × 1015 cm (0.7”). Because of this, we assume all
PH emission is confined to a 2” source size, and has an
effective excitation temperature of 250 K in this region,
similar to those measured by Patel et al. (2011) for SiC2
and HC3N. We derive an upper limit column density of
NPH < 7 × 10
14 cm−2 , corresponding to a fractional
abundance relative to H2 of fPH < 4× 10
−8.
The Aij values of SiH transitions are much lower
than PH, so we expect the excitation of this molecule
to be described by LTE conditions out to larger radii
than PH and HCl. In this case, we assume a 5” maxi-
mum radius of emission and an excitation temperature
of 150 K. Given these constraints, the higher temper-
ature J = 5/2 − 3/2 transition is expected to produce
a stronger signal than the one at 625 GHz. Using the
spectroscopic and observational parameters for this line
7Table 2. List of all detected and targeted rotational transitions toward IRC+10216.
Molecule Transition Frequency
∫
TdV ∆V Eup Sijµ
2 θB Comments
(MHz) (K · km s−1) (km s−1) (K) (D2) (arcsec)
†CS J = 13− 12 636 531.5 ±0.13 16.0 ± 0.1 18.1 ± 0.1 213.9 49.68 42.2
†SiSν=0 J = 35− 34 634 398.7 ±0.33 4.27 ± 0.08 17.8 ± 0.4 548.5 105.4 42.3
†SiSν=1 J = 58− 57 1043 196.3 ±13 1.40 ± 1.0 9.92 ± 8.7 2551 173.6 25.8
†SiSν=2 J = 59− 58 1055 811.2 ±25 0.297 ± 0.67 5.07 ± 13 3659 177.8 25.4
†Si34Sν=0 J = 60− 59 1054 579.5 ±9.9 2.66 ± 1.3 18.0 ± 6.6 1547 180.7 25.5
† 30SiOν=0 J = 15− 14 635 221.2 ±8.6 0.615 ± 0.24 20.5 ± 8.2 244.0 144.0 42.3
†SiH J = 3/2− 1/2 624 924.7b < 0.172 – 29.99 0.0102a 43.0
†SiH J = 5/2− 3/2 1043 917.9b < 0.313 – 80.09 0.0234a 25.7
†PH N = 3− 2, J = 4− 3 1507 639.6b < 1.410 – 144.2 2.346a 17.8
FeH Ω = 5/2, J = 5/2− 7/2 1324 771.4b < 0.449 – 297.0 11.3 20.4
†HNCν=0 J = 7− 6 634 510.8
b ? ? 121.8 65.12 42.3 (1)
†HCNν2=2 J = 7− 6, l = 2f 623 142.9 ±0.90 0.612 ± 0.07 7.04 ± 0.8 2172 162.1 43.1
†HCNν2=2 J = 7− 6, l = 2e 623 306.4
b ? ? 2172 162.1 43.1 (2)
†HCNν2=2 J = 7− 6, l = 0 623 336.6
b ? ? 2150 176.4 43.1 (2)
†HCNν2=1 J = 7− 6, l = 1f 623 359.2 ±0.33 10.3 ± 0.1 21.4 ± 0.3 1144 178.1 43.1 (2)
†HCNν3=1 J = 12− 11 1055 724.5 ±5.4 6.66 ± 1.2 16.5 ± 3.6 3346 319.8 25.4
†HCNν1=1 J = 12− 11 1055 501.8 ±11 3.31 ± 0.81 25.4 ± 5.3 5094 327.7 25.4
†HCNν2=2 J = 17− 16, l = 0 1510 521.2 ±2.7 21.1 ± 1.4 15.9 ± 1.1 2684 428.4 17.8
†HCNν2=3 J = 17− 16, l = 1e 1507 906.9 ±3.4 3.62 ± 0.49 9.43 ± 1.4 2684 414.5 17.8
Note— (1) H35Cl J = 1 − 0 is blended with HNC J = 7 − 6 from the image band (see Fig. 1). Degree of contamination
is unclear, but agreement with Agu´ndez et al. (2014) suggests H35Cl is the dominant contributor of the feature. (2) Three
transitions of vibrationally excited HCN blend around 623350 MHz; HCNν2=1 is the brightest component due to its lower
energy, therefore our Gaussian fit was attributed to it. (3) 41KCl blended with SiC2 292,28 − 282,27 from the image band. (4)
SiC2 and its isotopologue
29SiC2 blend around 1055000 MHz. (5) Vibrationally excited K
37Cl transitions are seen at the edge
of our 1 THz band. Their emission is blended and difficult to analyze due to the frequency cutoff. (6) Unidentified lines can
be seen in Figure 2; we do not report line areas or widths for these features as they either had too low S/N to obtain a reliable
fit, or exhibit an anomalous line profile that is not well-modeled by a Gaussian.
aSum of unresolved hyperfine components
bNo fit performed, literature frequency listed
cUnclear whether feature is present in rest or image band; therefore, we report the rest frequency as part of the molecule name,
and list the corresponding image frequency in the third column.
†Spectroscopic data taken from the CDMS catalogue (Mu¨ller et al. 2005)
††Spectroscopic data taken from the JPL catalogue: https://spec.jpl.nasa.gov.
8Table 2. Continued.
Molecule Transition Frequency
∫
TdV ∆V Eup Sijµ
2 θB Comments
(MHz) (K · km s−1) (km s−1) (K) (D2) (arcsec)
†SiC2 JKa,Kc = 266,20 − 256,19 625 589.0 ±3.9 0.664 ± 0.12 23.5 ± 5.3 470.6 141.0 42.9
†SiC2 JKa,Kc = 274,24 − 264,23 634 764.8 ±4.3 0.940 ± 0.14 28.0 ± 4.8 461.7 150.5 42.3
†SiC2 JKa,Kc = 300,30 − 290,29 636 350.9 ±3.6 0.503 ± 0.12 12.1 ± 4.0 480.8 171.1 42.2
†SiC2 JKa,Kc = 292,28 − 282,27 636 820.3
b ? ? 478.1 164.1 42.2 (3)
†SiC2 JKa,Kc = 438,35 − 428,32 1054 995.3
b ? ? 1208 238.1 25.5 (4)
†29SiC2 JKa,Kc = 446,38 − 436,37 1054 973.3
b ? ? 1208 245.8 25.5 (4)
††H35Cl J = 1− 0 625 922.7 ±0.76 3.67 ± 0.10 26.2 ± 0.83 30.04 2.458 42.9 (1)
††H37Cl J = 1− 0 624 972.4 ±7.3 0.932 ± 0.29 23.3 ± 8.3 29.99 2.458 43.0
†K37Clν=0 J = 86− 85 634 623.9 ±2.7 0.663 ± 0.08 18.1 ± 2.7 1333 9069 42.3
†K37Clν=0 J = 145 − 144 1045 482.5 ±20 1.35 ± 1.31 18.0 ± 13 3729 15297 25.7
†K37Clν=1 J = 146 − 145 1045 577.8
b ? ? 4150 15581 25.7 (5)
†K37Clν=2 J = 147 − 146 1045 596.7
b ? ? 4567 15871 25.7 (5)
† 41KCl J = 84− 83 623 616.1b ? ? 1279 8858 43.1 (3)
†AlCl J = 43− 42 624 431.2 ±3.4 0.630 ± 0.19 10.8 ± 4.2 660.5 45.96∗ 43.0
U1042852 – 1056 383c – – – – 25.8/25.4 (6)
U1042987 – 1056 248c – – – – 25.8/25.4 (6)
U1044507 – 1054 728c – – – – 25.7/25.5 (6)
in the calculation described above, we derive an upper
limit column density of NSiH < 2 × 10
15 cm−2 , and a
fractional abundance relative to H2 of fSiH < 3× 10
−7.
Finally, for FeH, we assume conditions similar to those
of PH, adopting an average value of Trot = 250 K
and θem = 2”. From this, we derive NFeH < 9 ×
1013 cm−2 and fFeH < 2× 10
−7.
3.2. VY CMa
Similar to the case of IRC+10216, we saw no emission
from SiH nor FeH in the O-rich envelope of VY CMa
(Fig. 4). Toward this source, we only detect emission
from 30SiO and SiS. Table 3 shows the observational and
spectroscopic parameters of these transitions in addition
to the targeted lines of SiH and FeH. Much like with
IRC+10216, we expect most ro-vibrational emission to
come from regions very close to the stellar photosphere
(implying compact emission ∼1” in radius). This as-
sumption is supported by the fact that all observed
molecules exhibit narrow (< 40 km s−1) emission lines
characteristic of regions of the CSE where radiation
pressure accelerates ejected material.
As noted before, the CSE of VY CMa is much less
isotropic than that of IRC+10216. Ziurys et al. (2007b)
demonstrate that three separate velocity structures dic-
tate molecular emission profiles in this envelope: a
spherically expanding wind centered at the systemic
velocity, a tightly collimated blue flow at vlsr = −4
km s−1, and a redshifted expansion at vlsr = 48
km s−1. Some molecules (e.g. SO, SO2, HNC, CO,
and OH masers) exhibit double- or triple-peaked lines
arising from the strong emission in the bipolar outflow
(Ziurys et al. 2007b; Tenenbaum et al. 2010). How-
ever, in a Herschel HIFI spectral line survey of VY
CMa, Alcolea et al. (2013) note that typical emission
9(a) SiH J = 3/2− 1/2
(b) SiH J = 5/2 − 3/2
(c) FeH Ω = 5/2, J = 5/2− 7/2
Figure 4. SOFIA GREAT spectra of VY CMa showing
targeted emission lines of SiH J = 3/2− 1/2 (top row), SiH
J = 5/2−3/2 (middle row), and FeH Ω = 5/2, J = 5/2−7/2
(bottom row).
profiles above 600 GHz are dominated by the steady
wind component. This has been shown to be espe-
cially true for all observed transitions of refractory
metal-bearing molecules like NaCl, AlCl, AlO, and TiO
(Kamin´ski et al. 2013; Kamin´ski et al. 2013a). Because
of this, we assume that SiH and FeH are only present in
the spherical wind to calculate their upper limit abun-
dances. This allows us to employ the same quantitative
analysis as we did with IRC+10216, by using equations
1 and 2.
We adopt a mass-loss rate of 1 × 10−4 M⊙ yr
−1,
a terminal expansion velocity of 40 km s−1, and a
mean molecular weight of 2.3 (Ziurys et al. 2007b;
Kamin´ski et al. 2013b). We assume SiH and FeH emis-
sion come from within a radius of 1”, which is typical
of molecules in this source (Kamin´ski et al. 2013a). We
adopt line widths equal to the terminal expansion ve-
locity of vexp = 40 km s
−1, and rotational excitation
temperatures of 250 K for both SiH and FeH. Given
these constraints, we derive an upper limit column den-
sity NSiH < 2 × 10
17 cm−2 and fractional abundance
relative to H2, fSiH < 3 × 10
−5 in the envelope of VY
CMa. And for FeH we derive NFeH < 2×10
14 cm−2 and
fFeH < 3× 10
−8.
It is important to note that we cannot rule out the
possibility of these hydrides being present in the bipolar
outflow of VY CMa; especially in the case of SiH, as
the targeted transitions of this molecule involve lower
rotational energy states relative to those of FeH and
the species observed in Alcolea et al. (2013). However,
given our aim of investigating the potential formation
and roles in dust grain chemistry of hydrides in CSEs,
we find it important to calculate abundances that can
be compared with other species known to exist in the
interior regions of this source (where grain production
takes place and the red- and blue-shifted flows are not
yet present). In any case, the upper limit abundances
w.r.t. H2 reported here are accurate descriptions of the
chemical inventory in the spherical component of VY
CMa, since an increase of emission in the bipolar flow
would imply a lower abundance in the stellar wind.
4. DISCUSSION
The non detections reported here could be simply due
to the weak permanent dipoles of the targeted species,
as well as effects related to beam dilution. Nevertheless,
additional factors related to the underlying reactivity
of these species cannot be ruled out. In this section,
we discuss how these non-detections are similarly con-
sistent with previous findings related to SiH, PH, FeH
and related molecules and may, in fact, help shed light
on the chemistry of CSEs.
4.1. Iron Chemistry in CSEs
Due to its refractory nature, a significant fraction
of the iron in circumstellar winds is likely incorpo-
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Table 3. List of all detected and targeted rotational transitions toward VY CMa.
Molecule Transition Frequency
∫
TdV ∆V Eup Sijµ
2 θB Comments
(MHz) (K · km s−1) (km s−1) (K) (D2) (arcsec)
†SiSν=0 J = 35− 34 634 377.6 ±9.6 0.613 ± 0.19 26.0 ± 7.7 548.5 105.4 42.3
† 30SiOν=0 J = 15− 14 635 201.4 ±7.6 1.32 ± 0.24 38.2 ± 7.6 244.0 144.0 42.3
†SiH J = 3/2− 1/2 624 924.7b < 0.413 – 29.99 0.0102a 43.0
†SiH J = 5/2− 3/2 1043 917.9b < 0.903 – 80.09 0.0234a 25.7
FeH Ω = 5/2, J = 5/2− 7/2 1316 838.7b < 0.960 – 297.0 11.3 20.4
Note—aSum of unresolved hyperfine components
bNo fit performed, literature frequency listed
†Spectroscopic data taken from the CDMS catalogue (Mu¨ller et al. 2005).
rated into dust grains (Sofia et al. 1994). After con-
densing in the inner regions of the envelope, it can
be reintroduced into the gas via non-thermal ener-
getic mechanisms like shocks, which drive grain ero-
sion via mechanisms such as sputtering (Tielens et al.
1994; Jones et al. 1996; Schilke et al. 1997; Jones et al.
1994; Caselli et al. 1997; Codella et al. 2010). Never-
theless, Mauron & Huggins (2010) observed absorption
from many refractory atomic elements (e.g. Fe, Cr,
Ca) in the gas phase toward a background star near
IRC+10216, so one cannot safely assume that depletion
of Fe onto grains is the sole underlying cause of the non-
detection reported here.
Whether sputtered from grains or by some other
mechanisms, once in the gas, iron atoms (or Fe+) can
react to form FeH or FeCN. The detection of the lat-
ter species in IRC+10216 is significant, since it re-
mains the only iron-bearing molecule definitively iden-
tified in interstellar or circumstellar environments to
date (Zack et al. 2011) (althoughWalmsley et al. (2002)
have reported a tentative detection of FeO). As an ini-
tial guess, it might be assumed that this gas-phase iron
chemistry could lead to FeH via one or more of the fol-
lowing reactions:
Fe + H2 → FeH+ H (3)
Fe + H→ FeH + hν (4)
Fe + H+3 → products (5)
Fe+ +H2 → products. (6)
Cherchneff (2012) included reaction (3) (with an esti-
mated activation energy of 30000 K) in her investigation
of pulsation-driven shock chemistry in the inner (< 5R∗)
winds of IRC+10216, as well as the formation of several
other diatomic hydrides by this mechanism. Though
barriers on the order of 104 K are prohibitively large
in typical interstellar environments, the hot inner re-
gions of CSEs represent one region where such processes
may occur with anything other than negligible rates.
They found that while this formation route of FeH is
more efficient when considering shocks over a pure ther-
mochemical equilibrium model, the derived abundances
are still very low (less than the upper limits derived in
this work) and fall off exponentially over the dust for-
mation region of this CSE. Interestingly, experiments
by Chertihin & Andrews (1995) demonstrated that the
photoexcitation of Fe on surfaces could drive reaction
(3) at low temperatures, and an analogous process might
occur on dust grains in the ISM, though not efficiently
enough to produce observable quantities of FeH in this
source.
Our results likewise suggest that reactions (4) - (6)
are similarly inefficient. For example, gas-phase radia-
tive associations such as reaction (4) can be astrochemi-
cally important (Herbst 1976; Vasyunin & Herbst 2013;
Balucani et al. 2015), though as a general rule, emis-
sion of a photon is a much slower process than dissocia-
tion in the gas, particularly for small molecules like FeH
- thereby likely rendering this pathway negligible. Of
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the above reactions, (6) stands out as perhaps the most
promising mechanism in the outer envelope, since such
ion-neutral reactions are often barrierless, and it is in
these regions that photoionization of atomic Fe could be
efficient enough to drive this process (Cordiner & Millar
2009). However, previous studies suggest that FeH is not
a major product of either, yielding instead Fe++H+H2
or FeH++H, for (5) and (6), respectively (Harada et al.
2010; Irikura et al. 1990) - conclusions which our results
here support.
4.2. Si and P Hydrides in CSEs
Though larger hydrides are generally regarded as
daughter species of smaller molecules like the ones tar-
geted in this work, Mackay (1995) proposed that in the
hot cores of star forming regions, SiH could form through
SiH4 desorbing off dust grains and undergoing hydrogen
abstraction reactions. SiH4 is known to be abundant in
both IRC+10216 and VY CMa (Monnier et al. 2000),
so if this process is occurring at a significant rate in
either source, we would expect to see cold SiH emission
coming from the intermediate CSEs.
Such a formation mechanism for SiH would have to
be quite efficient for us to have been able to detect
this species in the targeted sources. This is because
silicon monohydride reacts readily not only with atoms
such as O, N, and C (Wakelam et al. 2015), as well
as SiH4 itself (Nemoto et al. 1989) - but even with H2
(Walch & Dateo 2001). In their theoretical investigation
of the SiH + H2 reaction, Walch & Dateo (2001) found
that it occurs with a temperature-dependent 2nd order
rate coefficient given by k(T ) = 4.45 × 10−11e−3774/T
cm3 s−1. Using the temperature profiles derived by
(Fonfra et al. 2008), we obtain rate coefficients of
k(900K) = 7× 10−13 cm3 s−1 and k(475K) = 2× 10−14
cm3 s−1 for distances of 5 and 15 R∗, respectively.
Though these rate coefficients are fairly low, given the
large abundance of H2, the overall reaction would be
quite efficient. This fact is illustrated by express-
ing the 2nd order rate coefficient in pseudo-1st order
form, assuming an H2 abundance of n = 10
7 cm−3, as
k
′
(T ) = 4.45×10−4e−3774/T s−1, which results in values
of k
′
(900K) = 7 × 10−6 s−1 and k
′
(475K) = 2 × 10−7
s−1, again, for distances of 5 and 15 R∗, respectively.
Thus, the gas-phase abundance of SiH in this region of
the CSE of both IRC+10216 and VY CMa should be
quite low, unless there exists some more efficient method
of forming it, which is not what our results suggest.
As for the production of phosphorous hydrides in
CSEs, Agu´ndez et al. (2014) found that PH3 accounts
for about 2% of the phosphorous content in IRC+10216,
making it the second-most abundant gas-phase P-
bearing molecule in the envelope (behind HCP). Inter-
estingly, they noted that this species might be formed
efficiently on the dust grains that are so characteristic
of CSEs. If that is the case then one of the logical
precursors of PH3 would be PH. Of course, given the
fairly large upper limits we have derived from our ob-
servational data, all we can say with confidence is that
gas-phase PH does not appear to be a major reservoir
of phosphorus in the sources targeted in this study.
Nevertheless, if H-addition on grains is indeed an effi-
cient process in the inner regions of CSEs (ca. 5 < R∗ <
20), then our findings are still consistent with there be-
ing an possible underlying chemical connection between
the non-detection of PH described here, and the previ-
ous detection of PH3 via the grain surface process
PH+ 2H −−→ PH3. (7)
Though PH was not targeted in this work towards
VY CMa, the same possible connection might likewise
be relevant, though the higher O abundance than in
IRC+10216 would make that source an even less hos-
pitable environment for PH, given the efficiency of the
reaction
PH+O −−→ PO+H, (8)
which has been estimated to proceed at approximately
the collisional rate (Wakelam et al. 2015).
Further comparisons with previous findings show that
the upper limit abundances derived in this work are
larger than the predicted abundances of Agu´ndez et al.
(2020) by one and two orders of magnitude for SiH
and PH, respectively. Therefore, we cannot confi-
dently conclude that our non-detections are indicative
of these species exhibiting non-equilibrium chemistry
in IRC+10216. This observed agreement with inner
wind models is interesting given that previous works
have shown heavier Si- and P-bearing hydrides, namely
silane (SiH4) and phosphine (PH3), are observed in
stark overabundance (> 6 dex) relative to predictions of
thermochemical equilibrium (Keady & Ridgway 1993;
Agu´ndez et al. 2014, 2020). So while our results do not
necessarily imply a preferred chemical pathway for the
production of SiH and PH in CSEs, they are consistent
with the notion that subsequent hydrogenation of such
species occurs much more efficiently than a pure gas-
phase equilibrium chemistry predicts.
5. CONCLUSIONS
We conducted a search for rotational transitions of
SiH, PH, and FeH toward the CSEs of IRC+10216 and
VY CMa using the GREAT spectrometer aboard the
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SOFIA observatory. We detected many high-J transi-
tions from a variety of molecules that have previously
been studied in these sources; however, we saw no emis-
sion from any of our target species. We derive upper
limit column densities and abundances for the targeted
molecules in each source using the limiting sensitivities
of our measurements along with known physical condi-
tions of both envelopes. Though observational factors
like beam dilution undoubtedly play a role in these non-
detections, our upper limits reflect the inefficiency of
predicted formation routes, and tendency for these hy-
drides to either be incorporated into dust grains or react
with other gas-phase species abundant in these environ-
ments. Our findings also underscore the dichotomy be-
tween the observed abundances of diatomic hydrides rel-
ative to their heavier counterparts in CSEs, particularly
in the cases of SiH and PH.
The presence and build-up mechanisms of hydrides
in the inner regions of circumstellar material remain
largely unconstrained by the present body of observa-
tional work. In order to better understand this process,
there is a need for both high-sensitivity FIR measure-
ments targeting new light hydrides like those in this
work, in addition to high angular resolution sub-mm
interferometric studies of known hydrides in CSEs like
PH3, H2O, and NH3.
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